The tensile deformation behavior of a high-temperature, ultrafine-precipitate strengthened (HT-UPS) stainless steel was characterized in-situ with high-energy X-ray diffraction at 20 and 400 C. The HT-UPS samples were neutron irradiated to 3 dpa at 400 C. Significant irradiation hardening and ductility loss were observed at both temperatures. Lattice strain evolutions of the irradiated samples showed a strong linear response up to near the onset of the macroscopic yield, in contrast to the unirradiated HT-UPS which showed a pronounced non-linear behavior well below the macroscopic yield. While the roomtemperature diffraction elastic moduli in the longitudinal direction increased after irradiation, the 400 C moduli were similar before and after irradiation. The evolution of the {200} lattice strain parallel to the loading axis (ε L f200g ) showed unique characteristics: in the plastic regime, the evolution of ε L f200g after yield is temperature-dependent in the unirradiated specimens but temperature-independent in the irradiated specimens; and the value of ε L f200g at the yield is an irradiation-sensitive, temperature-independent parameter. The evolution of ε L f200g corresponds well with the dislocation density evolution, and is an effective probe of the deformation-induced long-range internal stresses in the HT-UPS steel.
Introduction
The high-temperature, ultrafine-precipitate strengthened (HT-UPS) 14Cr-16Ni austenitic stainless steel is a candidate material for structural and cladding applications in advanced nuclear reactors due to its improved creep, irradiation and corrosion resistances [1e8] . The HT-UPS steel was designed by controlling various alloying elements to produce nanosized MC (M: Nb, Ti, V) carbide dispersions and prevent the formation of embrittling intermetallic phases for enhanced long-term creep resistance and extended creep rupture life. The HT-UPS steel has been studied for its corrosion resistance, sodium compatibility, creep-fatigue property and microstructural evolution [3e7] . Neutron irradiation can significantly change the microstructure of the HT-UPS steel. Our previous study showed that Frank loops were the dominant defects, and TiC precipitate embryos were observed in a neutron-irradiated HT-UPS steel irradiated to 3 dpa at 500 C [9] .
Irradiation-induced defects can significantly change both physical properties and mechanical properties of a material. The effect of radiation on bulk elastic constants has been investigated in a number of materials [10e15] However, no measurements of plane-specific elastic moduli (so-called diffraction elastic constants) of neutron-irradiated polycrystalline materials have been reported in the literature. The recent development of in situ highenergy X-ray characterization of radioactive specimens [16] has made it possible to measure diffraction elastic constants of neutron-irradiated specimens by X-ray diffraction during in situ tensile tests, which is of vital importance to the understanding of internal stresses in neutron-irradiated materials.
Irradiation defects can also cause significant hardening and embrittlement in irradiated metals. While there is a relatively good understanding of irradiation hardening mechanisms [17e22], a number of issues are still unresolved regarding the deformation and failure mechanisms in irradiated materials. Irradiation-induced ductility loss or embrittlement is often linked with localized deformation and early onset of plastic instability in irradiated materials. In the deformed microstructures of irradiated metals with low stack fault energy (SFE) such as austenitic stainless-steels, a combination of mechanical twins and dislocation channels is often observed, where dislocation glides are evenly distributed and well confined in the narrow bands [23e28] . The formation of dislocation channels observed in the irradiated materials may be explained by the interactions of moving dislocations with sessile defect clusters such as Frank loops in austenitic stainless steels, which are unfaulted and removed through the prismatic glide [29] . The unfaulting of Frank loops can occur through stress-induced nucleation of Shockley partial inside a Frank loop, or though coplanar or non-coplanar glide of extended dislocations over the Frank loops [30] . Twinning is an alternative localized deformation mode formed by massive but confined dislocation glides [26] .
Enabled by high-brilliance synchrotron sources, the in-situ highenergy X-ray characterization is a powerful tool for studying the deformation characteristics of steels used in various energy systems [31e35] . The evolution of lattice strains in different phases of a bulk material can be simultaneously measured through monitoring the positions of diffraction peaks, from which the load partitioning can be analyzed [36] . The plastic flow characteristics, such as the evolution of dislocation density, can also be investigated through the line-broadening analysis [37] .
In this study, the in-situ high-energy X-ray characterization techniques were used to understand the tensile deformation behavior of neutron-irradiated HT-UPS steel. Irradiated and unirradiated HT-UPS specimens were characterized with wide-and small-angle X-ray scattering techniques while under in-situ tensile testing at 20 and 400 C, respectively. Significant differences were found between the irradiated and unirradiated specimens through the analyses of lattice strain evolution and peak broadening under deformation. The irradiated and deformation microstructures were also characterized by transmission electron microscopy (TEM).
Experimental

Material and samples
The chemical composition of the HT-UPS austenitic stainless steel is listed in Table 1 . The material was in a sheet form, and with a final heat treatment of solution annealing at 1200 C for 1 h. The average grain size was 150 ± 7 mm. Tensile specimens were electrical-discharge-machined after the heat treatment of the alloy. The specimens were subsized sheet-type tensile specimens with a nominal gauge length of 5 mm, a gauge width of 1.2 mm and a gauge thickness of 0.7e1 mm.
The tensile specimens were irradiated in the Advanced Test Reactor (ATR), Idaho National Laboratory. Irradiation of the tensile specimens was conducted in gas-filled capsules in a cadmium shrouded basket in the East Flux Trap (EFT) of the ATR. The maximum fast-neutron flux in the EFT was~9.7 Â 10 13 n/cm 2 /s (E > 1 MeV). The neutron fluence was~2.1 Â 10 21 n/cm 2 (E > 1 MeV), corresponding to a damage of~3 dpa. The nominal irradiation temperature was 400 C with the estimate uncertainty of ±25 C. A SiC temperature monitor was inserted in the capsule to measure the irradiation temperature.
In-situ X-ray experiment
The in-situ high-energy X-ray experiments were performed at 1-ID-E endstation of the Advanced Photon Source (APS) at Argonne National Laboratory. The experimental setup is illustrated in Fig. 1 and described in detail in Ref. [16] . Tensile tests were performed on a MTS ® model 858 servo-hydraulic load frame under uniaxial tension. The in-situ radiated materials (iRadMat) characterization apparatus was used for heating, as well as radiation shielding and containment for the radioactive samples. Four in-situ tensile tests were carried out: one irradiated specimen and an unirradiated control specimen were tested at room temperature in air, herein denoted by Irr, T test ¼20 C and Unirr, T test ¼20 C, respectively. Another irradiated specimen and an unirradiated control specimen were tested at 400 C in vacuum (10 À5 Torr/1.3 Â 10 À3 Pa), herein denoted as Irr, T test ¼400 C and Unirr, T test ¼400 C, respectively. The tensile tests were conducted at varying strain rates, ranging from 10 À5 /s up to 5 Â 10 À5 /s. A low strain rate (10 À5 /s) is used for the relative short elastic deformation stage to increase the periods of data collection, and higher strain rates are used at the plastic deformation stages.
To test a radioactive sample, a sliding tube was installed surrounding the specimen grips to encapsulate the specimen. The tube was made of Kapton for the room temperature tests, and quartz for the 400 C tests. The specimens were heated under vacuum with the built-in tungsten heating elements. Two K-type thermocouples were embedded inside the top and bottom specimen grips, with their tips in close proximity to the specimen. During the 400 C tests, the sample temperature was maintained within ±20 C of the target temperature.
Wide-and small-angle X-ray scattering (WAXS/SAXS) measurements were conducted simultaneously with monochromatic X-rays in transmission geometry while the sample was under tensile deformation. Only the WAXS results are presented in this paper. The X-ray energy was 123 keV (wavelength 0.0101 nm) and the beam size was 0.2 mmÂ0.2 mm. The sample-to-detector distance was 3135 mm and the maximum 2q (q is the diffraction angle) was 9 , covering up to the 9th peak of the austenite phase ({224}). The WAXS signals were recorded with four GE amorphous Si area detectors (409.6 mm Â 409.6 mm active area with 2048 Â 2048 pixels) arranged such that SAXS signals can be captured unhindered with a detector placed approximately 6 m from the sample [16] (as shown in Fig. 1 ). The beam direction, the tensile loading direction and the transverse direction are denoted by Z L , Y L, and X L , respectively. The specimen is oriented with the gauge length direction along Y L , the gauge width along X L , and the gauge thickness along Z L . The number of grains in the volume illuminated by a single beam was relatively small (<50), due to the large grain size (about 150 mm). To increase the number of grains contributing to diffraction signals, a two-dimensional mapping scan over the sample gauge area was implemented. The specimens were translated along the X L (gauge width) direction while the diffraction data were continuously recorded using the so-called 'fastsweep' data collection mode. The specimen was also translated along the Y L (gauge length) direction at multiple positions with a step size of 0.25 mm, and a "fastsweep" measurement was taken at each Y L position. During data analysis, diffraction patterns acquired at four steps in the Y L direction were summed together and analyzed as one data point, which covers approximately 500 grains.
X-ray data analysis
The data reduction and peak fittings were performed with a MATLAB ® script provided by the Materials Physics and Engineering group of the APS. Instrument parameters (beam center, detector Peak broadening for a particular diffraction peak was computed using equation:
where DΚ is the peak broadening and K is defined as K ¼ 2sinq=l ¼ 1=d; d is the plane spacing for the family of crystallographic planes contributing to the peak, l is the wavelength of the X-ray, and D2q is the measured peak broadening. The peak broadening was not expected to be a function of the stress state in different azimuthal angles, and therefore, the entire diffraction pattern was utilized to improve the data statistics. To do this, the whole pattern was divided into multiple 5 azimuthal angular cakes for data integration and peak fittings, and the resulted full-width half-maximum (FWHM) values were averaged and used for the peak broadening analysis. , where b is the magnitude of Burger's vector, r is the dislocation density, andM is a constant depending on the outer cut-off radius of the dislocations and the dislocation density. The average contrast factors C were obtained using a linear summation of contrast factors for pure edge (C E ) and pure screw dislocations (C S ), as expressed below:
where f E is the fraction of edge dislocations over the total dislocation population. C E and C S were calculated using a web-based program: ANIZC [43, 44] , with inputs of the following elastic constants: c 11 ¼ 232 GPa, c 12 ¼ 154 GPa, c 44 ¼ 118 GPa [45] . Assumptions were made that edge dislocations have a Burger's vector of b ¼ a/2<011>, and a slip plane of {111}, and screw dislocations have a Burger's vector of b ¼ a/2<011>. The calculated C E ; C S values are given in Table 2 . The W-H plots changes with the C values which is a function of the f E values. The f E values are thus determined as the values that yield the best linearity of the W-H plots.
TEM characterization
Transmission electron microscopy (TEM) was conducted to characterize the irradiation and deformation induced microstructural changes. The specimens were prepared from the irradiated specimen after being tensile tested at 20 C, using the focused ion beam (FIB) TEM specimen preparation method [46] . The FIB damage was minimized by applying a Pt protective layer before the trench milling, and by using a 5 kV (low kV) final thinning process. Three TEM specimens with the lamella plane perpendicular to the tensile loading direction were lifted from the undeformed ("asirradiated"), uniformly deformed, and necking regions, respectively. TEM was carried out on a FEI ® Tecnai F30 microscope operated at 300 kV. FIB and TEM experiments were conducted at the Microscopy and Characterization Suite of the Center for Advanced Energy Studies, Idaho Falls, ID.
Results
Macroscopic stress-strain curves
The engineering and true stress-strain curves are plotted in Fig. 2 , and the tensile properties are given in Table 3 . The true stress (s) and strain (ε) were calculated for the uniform deformation up to the maximum load using equations:
where s and e are the engineering stress and strain, respectively. Irradiation caused significant increases in the yield and tensile strength, and reductions in the uniform and total elongations. The increases in the macroscopic yield (0.2% offset) strength ðDs YS Þ were 528 and 358 MPa for the irradiated specimens tested at 20 C and 400 C, respectively. The strain hardening rates were much lower for the irradiated specimens than those of the unirradiated specimens.
Lattice strain evolution during tensile deformation
The evolutions of lattice strain versus true stress in the longitudinal and transverse directions are shown in Fig. 3 for the four tested specimens. The macroscopic yield stresses are marked with dotted horizontal lines in each of the plots. For both unirradiated and irradiated specimens, the lattice strains evolve anisotropically. The {200} grains (referring to the grains with the {200} planenormal nominally parallel to the longitudinal or transverse directions) have the highest lattice strains, and the lowest diffraction elastic modulus (softest). The {200} grains remain the softest in the plastic regime. In contrast to the unirradiated specimens which show an evident non-linear behavior well below the macroscopic yield, the irradiated specimens exhibit a strong linear response up to near the onset of the macroscopic yield. The {200} lattice strain deviates from the linearity at a much lower stress than those in other grain orientations in the unirradiated specimens. It implies that yielding for grains in the unirradiated specimens is more heterogeneous than in the irradiated specimens. Fig. 2 . Macroscopic stress-strain curves for the unirradiated and irradiated HT-UPS specimens tested at room temperature and 400 C: (a) engineering stress-strain curves, and (b) true stress-strain curves.
Table 3
The yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE), and total elongation (TE) determined from the engineering stress-strain curves. Diffraction elastic constants were evaluated through the linear least-square fitting of the true stress vs. lattice strain in the elastic stage, following: E hkl ¼ s=ε hkl , where E hkl and ε hkl are the elastic moduli and lattice strains for the fhklg reflections, respectively. The moduli for the longitudinal (E L hkl ) direction are given in Table 4 , and plotted in Fig. 4 . Values for the 20 C tests are generally higher than the 400 C tests, due to the temperature effect [47] . At roomtemperature, the moduli of the irradiated specimens are higher than those of the unirradiated specimens, and yet at 400 C the moduli are similar between the irradiated and unirradiated specimens.
Above the macroscopic yield, the lattice strains continued to increase with increasing stress in the unirradiated specimens, as well as in the irradiated specimen tested at 400 C, as shown in Fig. 2 . However, in the irradiated specimen tested at room temperature, the lattice strain responses are more complicated. The {200} and {311} lattice strains showed an initial increase with increasing stress and then saturated, while the lattice strains in the other three reflections remained nearly constant when the stress increased.
The characteristics of the lattice strain evolution in the plastic regime are further elaborated in Fig. 5 , where the lattice strains in the longitudinal direction are plotted against the true strains.
Overall, the evolutions of lattice strain during the plastic deformation are highly anisotropic. The {200} planes have the largest lattice strains with a peak value of~8 Â 10 À3 , and the {311} planes have the second highest lattice strains, while the other three lattice strains ({220}, {222}, {331}) are much lower. This result agrees with the observations in other austenitic stainless steels [48] . For the two unirradiated specimens all the lattice strains increase with the true strains at the two temperatures. In the two irradiated specimens, only the {200} lattice strains show significantly increases in the plastic deformation stage at two test temperatures. The behaviors of the {220}, {222} and {331} lattice strains are similar, and all experience pronounced drops beyond yielding in the irradiated specimens.
Peak broadening and the modified Williamson-Hall analysis
The peak widths for five reflections are shown in Fig. 6 as a function of the true strain. All peaks show broadening from 
Table 4
Diffraction elastic moduli (GPa) in the longitudinal direction (E L ) evaluated from the true stress -lattice strain curves. Errors were estimated from the linear least square fittings.
Unirr, T test ¼20
C Unirr, T test ¼400 C Irr, T test ¼20 C Irr, T test ¼400 C {200} 103 ± 5 7 1 ± 4 120 ± 1 7 7 ± 1 {220} 187 ± 17 143 ± 24 244 ± 3 125 ± 2 {311} 155 ± 5 115 ± 10 181 ± 2 121 ± 1 {222} 215 ± 14 163 ± 12 232 ± 3 163 ± 2 {331} 182 ± 8 167 ± 9 233 ± 6 131 ± 2 deformation, and the evolution of peak widths varies in different lattice planes. The peak widths at zero strain are much larger in the irradiated specimens than in the unirradiated specimens, which may be due to the irradiation induced defects in the irradiated specimens [49] . While the peak widths increase monotonically in the unirradiated specimens, the peak widths of the Irr, T test ¼20 C specimen show three characteristic stages marked as "I", "II", and "III" in Fig. 6 (c) . After the initial transient stage, the peak widths increase rapidly in stage II, and saturates in stage III. For the Irr, T test ¼400 C specimen, the peak widths increase but the rate of increase decrease with increasing strain. There are mainly two factors contributing to the X-ray peak broadenings besides the instrumental contribution: the broadening due to finite domain sizes (size broadening) and the broadening due to lattice distortions (strain broadening) [50] . The size and strain broadening contributions were separated using the modified W-H method. The goodness-of-fit for the linear fittings in the W-H plots, measured by the R 2 value, was above 0.9 (1 for perfect linearity) for all four specimens. The estimated W-H slope values are plotted against true strains up to the uniform elongation in Fig. 7 . The W-H slopes of the two irradiated specimens are similar, and both show a rapid increase in the initial stage and level out at higher strains (>10%). The W-H slopes for the unirradiated specimens are significantly lower than those for the irradiated specimens. Both of them increase at a relatively steady rate. The Unirr, T test ¼400 C specimen has a similar slope value in the initial deformation stage (<~10%), but a higher value at higher strains compared to Unirr, T test ¼20 C specimen. Fig. 8 shows the changes of the W-H slope along the gauge length at different strain levels for the Irr, T test ¼400 C specimen. The gauge was scanned continuously during the deformation. The WAXS data from each measurement along the gauge length were fitted, and the peak broadenings were analyzed with the modified W-H method. The symbols and colors in Fig. 8 represent W-H slope results at different engineering strain levels. The W-H slopes start to form a local peak at a macroscopic strain of around 15% (uniform elongation) at the Y L ¼ 0 mm position, which corresponds well with the fracture position revealed by tomography shown in the inset of Fig. 8 . The local W-H slope peak continued to rise, and ultimately reached a maximum value of 1.7 Â 10 À2 when the specimen failed.
TEM characterization of microstructure
The as-irradiated microstructure was characterized in the undeformed region of the Irr, T test ¼20 C sample by TEM. Frank dislocation loops were the dominant defects, and were quantified using the rel-rod dark field imaging technique [51] (Fig. 9 (a) ), and the loop size distribution is plotted in Fig. 9 (b) . The average loop size and density are 8.5 ± 3.9 nm and 1.2 Â 10 23 /m 3 , respectively.
The foil thickness for the density calculation was measured with the convergent-beam electron-diffraction technique under a twobeam diffraction condition.
The irradiated-and-deformed microstructure was characterized in the "uniformly-deformed" and "necking" regions of the Irr, T test ¼20 C sample, respectively. Deformation twins were observed in both regions, as shown in Fig. 10 . The twins are less dense in the "uniformly-deformed" region than in the "necking" region. A high density of Frank loops was observed between deformation twins.
Discussion
Irradiation hardening
Significant irradiation hardening (an increase in yield stress) was observed in the HT-UPS specimens, as shown in Fig. 2 and Table 3 . Frank loops were the dominant defects in the as-irradiated specimens. The irradiation hardening of the HT-UPS specimens was evaluated using the dispersed barrier hardening (DBH) model [19, 20, 33] :
where Ds YS is the increase in yield stress, M is the average Taylor factor (3.06 for austenite [52] ), m is the shear strength, b is the Burger's vector (b ¼ a/2<011>), and N and d are the number density and mean size of the barrier (Frank loops), respectively. The average barrier strength of the dislocation loops, a was estimated using the measured Ds YS (Table 3 ) and loop size (d) and number density (N) (Fig. 9) . The barrier strengths are 0.28 and 0.19 for the 20 and 400 C tests, respectively, which are similar to the literature values for neutron-irradiated austenitic stainless steels [19] .
Effect of neutron irradiation on diffraction elastic moduli
The physical properties of a material can be drastically changed by a large population of irradiation-induced defects. Among the physical properties, elastic modulus or Young's modulus is one of the key parameters critical for theoretical and modeling work concerning crystal plasticity and deformation. Our in-situ experiment revealed for the first time, the effect of neutron irradiation on the plane-specific elastic constants in a polycrystalline material. As shown in Table 4 and Fig. 4 , the diffraction elastic constants of the HT-UPS were slightly increased after irradiation for all reflections examined at room temperature, while at 400 C the moduli were similar between the irradiated and unirradiated specimens. The measured diffraction elastic moduli for the unirradiated HT-UPS are smaller than the 316 stainless-steel (SS) reported in the literature [45] , but both steels show the same plane and temperature dependence.
The effect of irradiation on elastic constants has been studied for a number of materials both experimentally and theoretically [10e14] . The experimental studies showed a complex dependence of elastic moduli on the type of irradiation (e.g. neutron, electron, and proton), irradiation temperature, and the nature of radiation defects. Straalsund and Day [10] measured the bulk elastic constants for Type 304 SS neutron-irradiated at 370e455 C, and found a significant decrease in the elastic moduli with increasing irradiation dose. The changes in modulus showed a linear dependence of void swelling. A similar finding was reported by Shcherbakov et al. [11] where a decrease of the Young's modulus with increasing irradiation dose was observed in a Fe-18Cr-9Ni steel neutron irradiated at 370e375 C to 1.5e21 dpa. Again, the decrease in Young's modulus showed a good correlation with void swelling. However, in our study, the dominant defects observed under TEM were faulted dislocation loops rather than voids reported in the literature [10, 11] , and the diffraction moduli increased after irradiation. Therefore, the effects of neutron irradiation on the moduli in the irradiated HT-UPS specimens must be understood by different types of defects developed under irradiation.
The changes in elastic modulus under irradiation have been explained by a bulk effect, and/or a pinning effect. In close-packed metallic materials such as face-centered cubic (fcc) austenitic stainless steels, the presence of interstitials shortens the interaction distance and increases the elastic moduli, while the creation of vacancies decreases the moduli because of a lattice collapse. The influence of interstitials on the elastic modulus is expected to be more pronounced than that of vacancies. The theoretical calculations by Dienes [14] showed that vacancies alone decrease the elastic moduli by one order of magnitude corresponding to the bulk effect, while the presence of interstitials increases the elastic constants several orders of magnitude larger than the bulk effect. In contrast to the bulk effects of interstitials and vacancies on the elastic moduli, the dislocation theory suggests that the elastic moduli can be increased due to a pinning process of dislocations by interstitials and vacancies, and this effect can overshadow the direct effect of point defects [12] . A recent study by Hofmann et al. [15] reported lattice swelling (an increase in lattice parameter) and modulus changes in a He-implanted W-1%Re alloy due to the presence of small He-vacancy clusters and SIAs. The macroscopic lattice swelling was related to the average defect concentrations and their relaxation volumes. The neutron-irradiated HT-UPS specimens examined in this work showed a decrease in lattice parameter after irradiation with the average lattice parameter of 3.5995 Å for the unirradiated specimen and 3.5978 Å for the irradiated specimen. The lattice contraction was also observed in the HT-UPS neutron irradiated to 3 dpa at 500 C [49] . The lattice contraction in the irradiated HT-UPS specimens may be explained by the negative relaxation volumes of submicroscopic vacancy clusters. However, the increase in the room-temperature diffraction moduli cannot be attributed solely to small vacancy clusters in the irradiated HT-UPS. The fact that a smaller lattice parameter was measured for the irradiated HT-UPS than that of the unirradiated HT-UPS at 400 C, while the diffraction moduli were comparable between the unirradiated and irradiated HT-UPS specimens implies both the Schottky and Frenkel effects suggested by Hofmann et al. [15] . Straalsund and Day [10] suggested that irradiation-induced faulted loops made no major contribution to modulus changes. The theoretical study conducted by Panyukov and Rabin [13] also showed that dislocation loops have a relatively minor effect on the elastic moduli of a solid. The relative contributions of various types of defects in the irradiated HT-UPS specimens (dislocation loops, submicroscopic vacancy and interstitial clusters) to the lattice parameter and diffraction moduli remain to be elucidated.
Effect of neutron irradiation on deformation behavior
The evolution of the lattice strain revealed the load partitioning and micro-plasticity of different grain orientations. In the plastic regime, the development of lattice strain deviates from the elastic response, accumulating load at a significantly lower rate and causing changes in load partitioning among different grain orientations. Among the five reflections examined, the {200} reflection is the softest orientation in austenitic stainless steels [53] . As shown in Fig. 11 , several characteristics were observed in the development of the {200} lattice strain under tensile deformation: (1) the {200} lattice strain parallel to the loading axis (ε L f200g ) at the yield (ε L; yield f200g Þ (which is defined as the first inflection point of the lattice strain e true strain curve) showed no temperature dependence at test temperatures of 20 and 400 C, in either unirradiated or irradiated HT-UPS specimens. Neutron irradiation significantly increased the ε L; yield f200g
, which implies that the ε L; yield f200g is a temperatureindependent, irradiation-sensitive parameter; (2) the evolution of ε L f200g with strain after yield shows a strong temperature dependence in the unirradiated HT-UPS specimens, while no temperature dependence of ε L f200g was observed in the irradiated HT-UPS specimens. It is interesting to note that while ε L f200g is higher at 400 C than at 20 C in the unirradiated HT-UPS in the entire plastic regime, but the development of ε L f200g follows the same trend after the true strain reaches~24% (i.e. minimal temperature dependence in the later stage of plastic deformation).
The ε L f200g evolution with strain in the plastic regime was in coincidence with the evolution of the W-H slopes, as shown in Fig. 7 . The W-H slopes are correlated with the microstrains or lattice distortions caused by the plastic flow, and are proportional to the dislocation densities inside the material [41, 42, 54] The dislocation activities under tensile deformation are thus reflected by the W-H slope evolution. The evolution of the W-H slope with true strain in the irradiated specimens was nearly indistinguishable when tested at 20 and 400 C, while the W-H slopes were higher at 400 C than at 20 C in the unirradiated HT-UPS specimens after the initial plastic stage (~7%). Consistent with the ε L f200g evolution with strain in the unirradiated specimens, the evolution of the W-H slope followed the same trend after~24% true strain at the two test temperatures. This suggests that the evolution of both the ε L f200g and the dislocation density have no temperature dependence in the irradiated specimens or in the later stage of plastic deformation in the unirradiated specimens.
The macroscopic stress-strain curves of the HT-UPS steel exhibit a different temperature and irradiation dependence from the lattice strain e macroscopic strain curves. As shown in Fig. 2 (b) , the 20 and 400 C true stress-true strain curves can be superimposed by shifting in the y (true stress) e axis for both the unirradiated and irradiated HT-UPS. It implies that the macroscopic yield stress of the HT-UPS is sensitive to both irradiation and temperature, while the work hardening behavior is largely temperature-independent Fig. 11 . ε L f200g plotted against true strain for the four tested specimens.
but affected by irradiation, and irradiation significantly reduces the work hardening rate. According to Schoeck and Seeger [55] , the macroscopic flow stress of a crystalline solid can be separated into internal stress insensitive to temperature and strain rate. For the HT-UPS steel, the differences in thermal stresses estimated from the true stress e true strain curves were 80 MPa and 280 MPa for the unirradiated and irradiated specimens, respectively. The increase in thermal stress in the irradiated HT-UPS steel may be attributed to the thermally activated cutting of the moving dislocations through small obstacles, e.g. small radiation defect clusters, defect-solute complexes in the irradiated specimens [56] . The athermal component of the macroscopic flow stress in pure fcc materials arises from the elastic interactions of dislocations, and is often related to the dislocation density in the following form [57] :
where r is the mean dislocation density, and a is the constant. The spatial inhomogeneities of dislocation densities give rise to spatially varied internal stress field, which leads to spatial variations of the flow stress. To take into account of the heterogeneity of the dislocation distributions, Ungar and Mughrbabi et al. [58, 59] described the local athermal stress, s loc and local dislocation densities, r loc in the following equation:
where s i;loc is the local internal stress. Because of the simple glide geometry and multiple slip of the {001}-oriented crystals, the {200} reflection is ideal for detecting the long-range internal stresses in fcc materials [58] . Ungar and Mughrbabi et al. measured the local internal stresses in the dislocation cell walls and the cell interiors in tensile-deformed [001]-oriented copper single crystals by the changes in the lattice spacing of {200} reflections. This measurement was able to reveal the deformation-induced long-range internal stresses resulted from the plastic strain mismatch between the "soft" (cell interior) and "hard" (cell wall) regions.
The long-range internal stresses have played an important role in the theory of work hardening, particularly in Stage II work hardening in fcc metals. Dislocation pile-ups, dislocation bundles and walls, and dislocation cells, dislocation glide through random obstacle array, etc. are considered as the microscopic origin of the long-range internal stresses [60] . The long-range internal stresses may increase from straining, precipitation, irradiation, etc. Because [001] crystals deformed under tension favor slip and not twinning in austenitic stainless steels [61] , the evolution of the ε L f200g under tensile deformation can be used as the direct probe of internal stresses resulted from dislocation slip activities and to reveal the correlation between the local flow stress, long-range internal stress, and dislocation density in the HT-UPS steel.
The findings that the evolution of the ε L f200g and the W-H slope showed no temperature dependence in the irradiated HT-UPS specimens while was temperature-dependent in the unirradiated specimens may be understood by the effects of temperature on deformation modes and the interactions of radiation defects and dislocations. It is known that the deformation mode of austenitic stainless steels changes from mechanical twinning and planar slip at low temperatures to the cross-slip at higher temperatures [62, 63] . As reported by Byun et al., a high density of thin twins was formed during early deformation at À150 C in annealed 316LN, and a mixture of twins and dense tangled dislocations became evident with increasing strains to accommodate a large bulk strain. As the test temperature increased to 200 C, dislocation tangles were the dominant microstructure under tensile deformation. These microstructural observations are consistent with the measurements of the {200} lattice strain and dislocation density evolution in the unirradiated HT-UPS specimens.
In contrast to the unirradiated HT-UPS, the evolution of the ε L f200g and the W-H slope followed the same paths with increasing macroscopic strain in the irradiated HT-UPS specimens tested at 20 and 400 C. As shown in Fig. 9 , Frank loops (with the mean size of 8.5 nm) were the dominant defects in the irradiated HT-UPS. The loop pinning of dislocations can contribute significantly to the longrange internal stresses as observed in irradiated copper by Essmann [64, 65] . The rapid increase in the W-H slopes (dislocation density) in the early stage of deformation (<5% macroscopic strain) in the irradiated HT-UPS specimens is suggested to result from the passing of gliding dislocations through a high density of Frank loops that significantly enhances the multiplication of dislocations, and this process is largely athermal. Once the dislocation density reaches a high enough value, further multiplications of dislocations becomes more difficult due to the higher long-range strain-fields exerted by the dislocations, which is reflected by the slowing down of the W-H slopes at the later deformation stages. It is also possible that highly localized strain in dislocation channels made the radiation-defects transparent to the passage of glide dislocations, slowing down the dislocation multiplication process [23] . The evolutions of longitudinal lattice strains of other reflections showed different characteristics in the irradiated specimens. The {220}, {222} and {331} lattice strains experienced pronounced drops after the yield. The internal stresses developed in these crystal orientations may make a negative contribution to the flow stress, in contrast to a positive effect on the flow stress of the {200} lattice strain. Though local stresses vary spatially and crystallographically, its spatial average should be equivalent to the external stress.
Plastic instability and necking
The modified W-H analysis has also shed a light on the initiation and development of necking. As seen in Fig. 8 , the W-H slope peak position corresponded well with the fracture position for the Irr, T test ¼400 C specimen. The initiation of the W-H slope peak along the gauge represents the initiation of necking, when the sample deformation transfers from a uniform deformation along the whole gauge length to a localized deformation. The engineering strain of the initiation of the W-H slope peak was~15%, consistent with the uniform elongation determined from the macroscopic stress-strain curve, which was 15% for the Irr, T test ¼400 C specimen. After necking, the W-H slopes increased rapidly at the peak position, while the increases were minimal at other gauge positions. The results show that the strain hardening mechanism still operates in the necking region. Plastic flow is localized to create a large enough strain hardening in response to the increase in true stresses due to reductions in gauge cross-sections, which is reflected as the rise of the W-H slope peak. The sample fractures when the hardening rate in the "necking" area can no longer match the increase rate of true stresses.
Conclusions
Neutron irradiated (3 dpa/400 C) and unirradiated HT-UPS steel samples were tensile tested at 20 and 400 C, and in-situ characterized by high-energy X-ray diffraction. It was found that:
1. The macroscopic stress-strain curves show significant irradiation hardening and ductility loss. Irradiation hardening was mainly caused by irradiation induced Frank loops and their barrier strengths were estimated using the dispersed barrier hardening model at the two temperatures. 2. The irradiated specimens exhibited a strong linear response of lattice strain evolution up to near the onset of the macroscopic yield, in contrast to the unirradiated specimens which showed an evident non-linear behavior well below the macroscopic yield. The room-temperature diffraction elastic moduli in the longitudinal direction were increased after irradiation, however, the 400 C diffraction elastic constants remained similar before and after irradiation. 3. The lattice strain evolutions were anisotropic for all tested specimens. The evolution of the {200} lattice strain parallel to the loading axis (ε L f200g ) showed unique characteristics: ε L f200g at the micro-yield is an irradiation-sensitive, temperature-independent parameter; the evolution of ε L f200g in the plastic regime was temperature-dependent in the unirradiated HT-UPS specimens but temperature-independent in the irradiated specimens. 4. The evolutions of the W-H slopes with strain in the irradiated specimens were nearly indistinguishable between tests at 20 and 400 C. In contrast, the W-H slopes were higher at 400 C than at 20 C in the unirradiated specimens. 5. The evolution of ε L f200g matches well with the W-H slope (dislocation density) evolution with macroscopic strain in both unirradiated and irradiated specimens tested at 20 and 400 C. The evolution of ε L f200g and the W-H slope revealed the longrange internal stresses developed during tensile deformation 6. The irradiated specimens followed similar work hardening paths as the unirradiated specimen macroscopically. After necking, the microstrain increased rapidly in the necking region in the irradiated HT-UPS.
